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Abstract 
A Laser Engineered Net Shaping (LENSTM) processed AISI 316L-grade stainless steel possesses unique microstructural features 
that affect its fatigue damage incubation mechanisms and fatigue life. As observed experimentally, fatigue damage was incubated
almost exclusively at a relatively large pore located at or near the specimen surface, or at an incompletely melted powder particle 
on the surface in some rare cases.  Micromechanical simulations were conducted on a series of representative volume elements to
probe the micromechanism of fatigue damage incubation. A non-local plastic shear strain range-based fatigue manage parameter 
was introduced to represent the micronotch plasticity accumulation state under a large deformation gradient region. This 
microplasticity parameter was found to correlate to the fatigue endurance limit and transition between high cycle and low cycle
fatigue regimes quite well. In the high strain amplitude regime ( > 0.3%), the spatial distribution extends no or little effect on 
fatigue damage incubation. The scatter in fatigue life is primarily dominated by small crack growth. In the low strain amplitude
regime, the void on the edge of the specimen induced two times higher microplasticity compared to void inside the specimen. 
Due to the high population of the voids inside the alloy, the fatigue strength is limited by the voids on the surface. The 
microplasticity threshold is approximately 0.15% which corresponds to the fatigue endurance limit of 30.8 MPa.  
Micromechanical simulation demonstrated that the microplasticity induced by the unmelted powder particle is significantly lower
than that generated by the void in the microplasticity threshold regime. Therefore, there must be an interactive effect between
unmelted powder particles and the surround porosity in the alloy that incubated the fatigue damage. 
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1. Introduction 
Laser Engineered Net Shaping (LENS™) technique is a rapid, flexible fabrication process for metals by direct 
powder deposition [Atwood et al., 1998]. A promise of the technology is developing multifunctional materials or 
functionally graded materials through layered depositions by altering the materials composition and optimizing the 
processing parameters.  The laser power and deposition speed determines the molten zone size and cooling speed, 
which dictate the formation of microstructural features such as grain size, pore size, and porosity4.
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Thermomechanical simulations on the LENS™ process showed that the rapid solidification of new deposited metals 
is determined by the velocity of laser beam movement for fixed laser power, and the velocity also affects the cooling 
rates and heat treatment associated with the deposition pattern. The microscale heterogeneities, especially the 
porosities, were inevitably developed during the deposition process, which in turn affects the mechanical properties, 
especially the fatigue behavior of the LENSTM-processed alloys. The unique microstructure of the LENSTM-
processed steel permits an in-depth thorough investigation of the micromechanisms for fatigue damage incubation.     
Micromechanical simulation methodology was developed to probe how the deformation gradients and stress 
distributions at discontinuities affect the fatigue damage incubation of the LENSTM-processed 316 steel. Nonlocal 
damage parameters, such as the maximum plastic shear strain range and the Fatemi-Socie parameter for multiaxial 
stress state, were introduced to account for the cyclic microplasticity in metallic alloys, as proposed by McDowell 
[2000] and followed by Xue et al. [2007], Fan et al. [2003], Gall et al. [2000], and Shen and Lissenden [2004].  The 
simulated nonlocal plastic shear strain range was implemented while quantifying the over-straining effect to the 
fatigue damage incubation.   
In this paper, the spatial locations of the void and powder particle, as well as the interaction between the two 
discontinuities to fatigue damage incubation, were investigated.    
2. Material, Microstructure, and Mechanical properties 
Detailed material and composition, microstructure, and mechanical evaluations were presented earlier [Xue et al., 
2010]. Only a brief summary is outlined here. The LENSTM-processed AISI 316L stainless steel was provided by 
Optomec Design Company in the form of cylindrical bars using spherical shaped powders with a diameter 
approximately in the range from 53 to 173 µm. The cylindrical bar was deposited layer-by-layer and accumulated 
along the longitudinal direction of the bar in an argon atmosphere.  The microstructure of the steel bar in an 
undeformed state was examined using an optical microscope (OM) and the X-ray CT technique, with the typical 
images shown in Figure 1. Among five samples evaluated using X-ray CT, the maximum pore size ranges from 100 
to 180 Pm in diameter, and the void volume fraction ranges from 0.005 to 0.02 percent when the truncation pore 
diameter is set at 50 Pm.  Without considering any truncation pore size, the volume fraction of the pore is estimated 
ranging from 2.4 to 5 percent using the elastic modulus reduction method with the ideal elastic modulus as  E0 = 
203.80 ± 5.90 GPa, calculated using the tensile unloading during the first cycles of the fatigue tests. Such clearly 
stated microporosity provides a clear base for statistical evaluation of microstructure-fatigue property relations.       
a.                                        b.    c. 
Figure 1. a) X-ray three-dimensional image of pores in a sample of a 31 mm3 volume (the diameter of the evaluation cylinder is about 1.5 mm), b) 
optical image on the polished specimen, and c) the fracture surface on the fatigue damage initiated around a surface pore. 
The typical stress-strain curves of the LENSTM-processed steel of three distinctive microstructures are shown in 
Figure 2a. Just like the scattering of the micropore size and the volume fraction of the pore, the yield and ultimate 
tensile strength and the failure strain has significant scattering. The strain-controlled, constant strain amplitude, fully 
reversible strain-life relationship also demonstrated significant scatter of two orders of difference. The fatigue 
damage was discovered to incubate at a relatively large pore on the surface of the specimen, as shown in Figure 1c. 
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The LENSTM-processed 316 steel also displayed strong cyclic softening, which appeared during the earlier loading 
cyclic, which was manifested as the hysteresis curve in the middle of the fatigue life was almost the same as that 
near final failure, as shown in Figure 2b. All the experiments either fractured or stopped when the maximum stress 
dropped by 50%, at which point the corresponding cycles are counted as the fatigue life. There were no run outs for 
the experimental specimens with the strain amplitude ranging from 0.15 to 6 percent.  At the amplitude of 0.15%, 
the experiments did not reach the plateau of fatigue life, which indicates the microplasticity threshold for fatigue had 
not been reached [Xue et al., 2007].   
a) b)  
Figure 2. a) Typical stress-strain curves and b) hysteresis loop at the strain amplitude of 0.4%. 
3. Micromechanical simulations 
Micromechanical simulations are conducted to evaluate the cyclic microplasticity around discontinuities in the 
LENSTM-processed 316L steel. Typical particulate discontinuities in the alloy are primary pores. Therefore, 
simulations address the case of uniaxial remote applied loading, with an isolated micron scale pore within a matrix 
(2% particle volume fraction); effects of lower scale porosity are smeared or homogenized in the monotonic and 
cyclic properties of the matrix. The pore is idealized by a spherical shape. The simulation representative volume 
elements (RVE) were set to represent various spatial locations of the pore with respect to the specimen edge as 1) 
half of the pore on the edge, 2) almost tangential to the edge, 3) half diameter into the edge, and 4) completely 
submerged in the body, as shown in Figure 3. The over yield strain of the alloy studied ranged from 0.18% to 
0.24%. The matrix property in the simulation was chosen as the best performance stress-strain relationship shown in 
Figure 1, since the metal-matrix in the simulation should have similar properties to the alloy without large particles. 
The matrix has a yield strain of 0.24%. 
Finite element analyses are conducted using a commercial software package, ABAQUS. Two-dimensional plane 
strain elements are implemented for cases 1-4. Eight-node quadratic axisymmetric elements are used in the FEA 
model, except for two element-size transition regions for which six-node triangular elements are used. Due to the 
dilute population of the large pores as shown in Figure 1, limited interactions between pores are assumed. Therefore, 
the boundary condition on the top and bottom of the REV were simply cyclic displacements, enforced on each 
vertical face, , to achieve the desired strain amplitude of ay r H and strain ratio, 1 H . The displacement was 
applied at a constant strain rate with a triangular waveform. The horizontal boundary was specified as traction free 
to represent a macroscopic uniaxial straining condition. The basic mesh size was chosen according to the study by 
Xue, et al. [2010]. The stress, strain, and plastic strain tensors around the microscale discontinuities were recorded at 
the integration points after FEA.  
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The cyclic plastic deformation is quantified using two parameters introduced by McDowell et al. [2003] and Xue 
et al. [2007]: 1) the nonlocal maximum plastic shear strain range, max , and 2) the relative ratio of plastic zone size 
to the diamete n, l . The maximum plastic shear strain is defined in terms of the principle plastic 
strain, 1max  and the cyclic plasticity is denoted as the maximum plastic shear strain range, taking as 
the difference of  between the peak and valley of the straining loads. 
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The cumulative von Mises equivalent plastic strain,  at time tpeqH i+1 is calculated for an increment of deformation 
during the period (t i, t i+1) as 
1
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where W is time, 
ieq
 and kl  are the uniaxial von Mises equivalent plastic strain at the end of cycle i and the 
instantaneous plastic strain rate tensor components, respectively. 
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a)
b)
Figure 3.  a) Spatial location of large pores with respect to the RVE edge: four case and b) the mesh near the void in the finite element 
simulations and the micronotch plastic zone shale under the strain amplitude of 0.3% for each case. 
To evaluate the cyclic plastic deformation at the micronotch root of the discontinuity, we must preclude 
consideration of highly localized regions with high plastic strain gradients, which normally occur over length scales 
that are much less than some critical dimensions associated with the scale at which uniform dislocation 
arrays/structures may form in response to the applied loading [15].  In other words, any fatigue indicator (driving 
force) parameter E associated with cyclic plasticity at the discontinuity should be described by a nonlocal averaging 
procedure [15, 16], i.e.,   
1
VV
dVE E c ³ (2) 
E
where EV is a process zone volume for crack incubation and is typically on the order of approximately 0.05 ~ 1 % of 
the volume of the inclusions considered.  
Micromechanical simulations were first conducted to roughly survey the loading amplitude influence to notch 
root plasticity and the saturation of notch root plasticity. Due to the large ductility, steel normally possesses 
relatively high fatigue strength, even having undergone a significant amount of plastic deformation failure cycles 
greater than 105. The fatigue damage incubation becomes only significant at the strain rate at and lower than the 
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over yield strain of the steel, which corresponds to a strain amplitude approximately at 0.3% for complete reverse 
loading case. 
Figure 4. shows the nonlocal maximum plastic shear strain range calculated based on Eq. (2) using a post-
processing code. Two volumes in the high deformation gradient regions, as shown in Figure 3b, are taken as the 
volume, VE in Eq. (2). The deformation gradient at the notch root is much less than those in front of fractured 
particles in the heterogeneous wrought Al alloys. The smaller volume is about 0.2% of the inclusion volume and the 
larger volume is approximately 0.4% of the inclusion volume. The smaller averaging volume definitely 
demonstrated more sensitivity of plasticity when the applied strain amplitude is near threshold regime for the case I 
geometry, as shown in Figure 4. Therefore, Vb = 0.2 % Vinclusion is used thereafter.
Figure 4. Evaluation of the sensitivity of nonlocal area to the notch root plasticity for Case I, with small and big representing approximately 0.2% 
and 0,4% of the inclusion area.   
a) b)
Figure 5. a) The saturation of the nonlocal plasticity after 3 loading cycles and b) the nonlocal plastic maximum plastic shear strain as a function 
of the remote applied strain. 
Detailed micromechanical simulation results on case 1 geometry under the remote strain amplitude of 0.25% are 
shown in Figure 5. The nonlocal notch root maximum plastic shear strains and nonlocal equivalent plastic strain 
increment saturated after the 2nd cycle as shown in Figure 5a. Accumulation of equivalent plastic strain occurs 
almost equally for the tensile- and compressive-going loading segments of the cycle after a few cycles of loading. 
The nonlocal notch root maximum plastic shear strain as a function of the loading strain is shown in Figure 5b. One 
remote loading cycle induced two similar plastic strain cycles at the micronotch root. Therefore, the maximum 
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plastic shear strain range was taken at cycle 12th as the difference between the peak and valley of the maximum 
plastic shear strain. Worth mentioning is that the nonlocal cyclic frequency is two times that of the remote loading. 
The nonlocal maximum plastic shear strain also saturated after three loading cycles, in the same saturation rate as 
the equivalent plastic strain, as shown in Figure 5a. 
Of particular interest in this study are loading cases in the regime between the microplasticity threshold and 
percolation limit as defined by McDowell et al. [2003]. In general, the microplasticity percolation limit is slightly 
less than the microscopic yield strain; the microplasticity threshold correlates to the microscopic plasticity 
dissapearance or approaching the stage to be negligible. When the applied remote strain amplitude aH is less or just 
above the yield strain of the alloy, the nonlocal cumulative equivalent plastic strain saturates after three loading 
cycles. Figure 6 shows the constant remote strain amplitudes are selected in the range of 0.1% to 0.3%, to probe the 
two key parameters and the influential factors to the two parameters.  Figure 6 shows voids on the surface of the 
specimens may cause notch-root plastic zone twice as large as those compared to those induced by the voids inside 
the specimens, which holds true for fatigue damage parameters. Therefore, the fatigue life limiting microstructure is 
a void on the edge of the specimens. The microplasticity strain amplitude threshold is approximated as 0.15% , 
which corresponds to a fatigue endurance limit of 30.8 MPa. 
a)  b) 
Figure 6. Micronotch-root plasticity as a function of the remote loading amplitudes at the large pore for the four cases: a) the plastic zone linear 
dimension over the diameter of the pore and b) the nonlocal plastic shear strain range.   
Micromechanical simulation was also conducted on the RVE containing unmelted powder particles situated on 
the edge of the specimens, as the fatigue damage incubated at the unmelted powders in some rare cases observed 
experimentally [Xue et al., 2010]. Intuitively, the nonlocal plasticity around the particle, even though it is softer than 
the matrix material, should be much lower than those around the void. Only the micromechanical simulation could 
provide a quantitative comparison, which is shown in Figure 7. Even though the differences in plastic zone size 
might become smaller as the remote plastic strain amplitudes increases, as shown in Figure 7a, the differences in 
nonlocal plastic shear strain ranges become bigger as the remote strain amplitude increase, as shown in Figure 7b. 
As indicated by Xue et al. that the incubation at the unmelted powder actually manifests the interaction between the 
power and the surrounding voids. Further three-dimensional simulations will be conducted to quantitatively evaluate 
the microplasticity at different spatial distribution of the unmelted powder particles and the voids. 
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a)
b) 
Figure 7. Comparison of microplasticity around unmelted powders and voids of the same size, circular shape,  and two spatial locations with 
respect to the edge of the specimens: a) plastic zone sizes and b) the nonlocal maximum plastic shear strain range.  
4. Summary 
Micromechanical finite element simulations are conducted to evaluate the cyclic plastic deformation in the matrix 
adjacent to a pore with realistic inclusion sizes and volume fractions for a LENSTM-processed steel 316L. The cyclic 
plasticity at the micronotch is characterized by two quantities, the nonlocal maximum plastic shear strain range and 
the relative plastic zone size. The micronotch root plasticity does not show significant variations with respect to 
spatial location when the strain amplitude is near or less than the macroscopic yield strain, except the void is about 
tangent to the edge of the specimen, which is statistically less possible. The microplasticity threshold strain 
amplitude is approximately 0.15%, which corresponds to the stress amplitude of 307 MPa. The microplasticity 
around unmelted powder is much less than that around voids; therefore, the fatigue damage incubation at the 
ummelted powder should be due to an interaction between the unmelted powder particles with the porosity of the 
surrounding matrix that locates in the same plane perpendicular to the loading direction.   
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